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Bacterial community dynamics were investigated in a land treatment unit (LTV) established at a site 
contaminated with highly weathered petroleum hydrocarbons in the C IO to C32 range. The treatment plot, 3,000 
cubic yards of soil, was supplemented with nutrients and monitored weekly for total petroleum hydrocarbons 
(TPH), soil water content, nutrient levels, and aerobic heterotrophic bacterial counts. Weekly soil samples were 
analyzed with 168 rRNA gene terminal restriction fragment (TRF) analysis to monitor bacterial community 
structure and dynamics during bioremediation. TPH degradation was rapid during the first 3 weeks and slowed 
for the remainder of the 24-week project. A sharp increase in plate counts was reported during the first 3 weeks, 
indicating an increase in biomass associated with petroleum degradation. Principal components analysis of 
TRF patterns revealed a series of sample clusters describing bacterial succession during the study. The largest 
shifts in bacterial community structure began as the TPH degradation rate slowed and the bacterial cell counts 
decreased. For the purpose of analyzing bacterial dynamics, phylotypes were generated by associating TRFs 
from three enzyme digests with 168 rRNA gene clones. Two phylotypes associated with Flavobacterium and 
Pseudomonas were dominant in TRF patterns from samples during rapid TPH degradation. After the TPH 
degradation rate slowed, four other phylotypes gained dominance in the community while Flavobacterium and 
Pseudomonas phylotypes decreased in abundance. These data suggest that specific phylotypes of bacteria were 
associated with the different phases of petroleum degradation in the LTV. 
A bioremediation project was undertaken at the Guadalupe favorable environment in which they can effectively degrade 
oil field, which occupies nearly 2,700 acres of the larger Guada­ contaminants. When nutrients are low and the speed of con­
lupe-Nipomo Dune Complex and is located on the central taminant degradation is an issue, the addition of nitrogen and 
California coast in San Luis Obispo and Santa Barbara Coun­ phosphorous as well as aeration of soil will speed up the biore­
ties. Due to the viscous nature of the oil at the site a light mediation process (17, 32, 34). In cases where natural commu­
petroleum distillate, referred to as diluent, was pumped into nities of degrading bacteria are at low levels or not present, the 
the wells to thin the oil for more efficient removal. This diluent addition of contaminant-degrading organisms, known as bio­
was inadvertently released into the environment as pipes and augmentation, can speed up the process (3). Although signif­
storage tanks began to degrade. During site remediation, con­ icant research is being performed in this area, bioaugmenta­
taminated soil was stockpiled for eventual cleanup. Prior to tion is generally not practiced, since introduced bacteria 
treatment, the stockpiled soil contained an average total pe­ usually can't compete with well-adapted autochthonous bacte­
troleum hydrocarbon (TPH) concentration of 2,440 mg per kg. rial communities (24). 
A 3,000-cubic yard land treatment unit (LTV) was set up to Many studies have looked at the chemical degradation pro­
investigate the feasibility of bioremediation at the site. Soil at cess associated with land treatment (2, 4, 29). A common 
the site is coastal dune sand and contained negligible carbon, phenomenon in land treatment is a two-phase pattern of deg­
nitrogen, and phosphorous. Therefore, basic nutrients consist­ radation characterized by an initial fast degradation phase 
ing of phosphate and ammonia were added to obtain a CINIP followed by a slow degradation phase. To explain the change in 
ratio of 100:6:1, and soil was periodically watered and tilled to degradation rates, it has been suggested that the initial fast 
a depth of 18 in. to aerate and mix nutrients. Details of LTV degradation phase is mediated by bacterial utilization of bio­
construction and maintenance were listed by Kaplan et al. (19). 
available compounds and is governed by enzyme kinetics. In 
Land treatment, an alluring method of remediation due to 
contrast, the slow phase may be governed by the rate of pe­its effectiveness, low cost, and minimal environment impact, is troleum dissolution from soil particles (2, 4).
a form of bioremediation whereby autochthonous soil bacteria Although significant work has been published discussing the degrade undesirable environmental waste. Three types of bacterial community structure and degradation kinetics asso­bioremediation are predominant in the industry today: natural 
ciated with bioremediation of environmental contaminants, 
attenuation, biostimulation, and bioaugmentation. The sim­ few have focused on a detailed description of bacterial com­plest method of bioremediation to implement is natural atten­
munity dynamics during this process. A recent report described 
uation, where contaminated sites are only monitored for con­
the structure and dynamics of bacterial communities involved taminant concentration to assure regulators that natural 
in bioremediation of crude oil (24). In this study, a few groupsprocesses of contaminant degradation are active. Biostimula­
of bacteria were observed to increase in abundance in responsetion is the process of providing bacterial communities with a 
to oil contamination, but the paucity of samples analyzed left 
gaps during the ﬁrst 3 weeks, when key events in bioremedia­
tion are known to occur (2, 4). 
Because the fast degradation phase is where most petroleum 
is degraded, determining the key bacteria in this phase com­
pared to the later, slower phase of degradation is important to 
a complete understanding of the degradation process. In this 
study, we present the characterization of an autochthonous 
bacterial community capable of degrading petroleum hydro­
carbons after biostimulation by aeration and the addition of 
nitrogen and phosphorous nutrients. The sampling frequency 
was increased compared to other studies to better understand 
how the bacterial community changed during land treatment. 
A combination of 16S rRNA gene terminal restriction frag­
ment (TRF; also known as TRF length polymorphism [T­
RFLP]) analysis of bacterial communities using multiple en­
zymes and a clone library constructed from study samples 
allowed monitoring of relative bacterial abundance and the 
identiﬁcation of bacterial phylotypes associated with the 
phases of TPH degradation. 
MATERIALS AND METHODS 
Sample storage, bacterial counts, and DNA extraction. One soil sample was 
taken from the large stockpile of soil used to ﬁll the LTU. Five soil samples were 
taken from the LTU on a weekly basis after initiation of treatment until the 15th 
week, after which samples were taken at the 18th and 24th week. A subset of four 
soil samples were refrigerated on site until transported to the lab for bacterial 
plate counts on R2A agar (Difco, Detroit, Mich.). Soil samples for DNA extrac­
tion were collected and stored on site in a freezer until transferred to the 
laboratory, where they were stored at �80°C. The ﬁve soil samples from each 
weekly sampling were combined and mixed thoroughly, because the cost of 
analysis for all replicate samples was prohibitive. A set of replicates was analyzed, 
and heterogeneity of the resulting TRF patterns was considered minimal (data 
not shown). Five replicate soil extractions were performed on the combined soil 
to recover sufﬁcient DNA for analysis. In a sterile weigh boat, 1 g of  soil was 
weighed out and transferred into MoBio bead lysis tubes (Solano Beach, Calif.). 
The protocol given in the MoBio kit was followed for the extraction process with 
the following exception: cells were lysed in the Bio 101 FP-120 FastPrep machine 
(Carlsbad, Calif.) running at 5.0 m/s for 45 s. The isolated DNA was visualized 
by agarose gel electrophoresis, and quintuplet extractions were combined from 
each soil sample before PCR. The combined DNA was quantiﬁed by UV spec­
trophotometry. 
PCR. Ampliﬁcation of the template DNA was performed by using the 16S 
rRNA gene labeled primers 46f (5�-GCYTAACACATGCAAGTCGA) and 536r 
(5�-GTATTACCGCGGCTGCTGG), resulting in fragments of approximately 
490 bp. For TRF analysis, the forward primer (46f) was labeled with the 6-car­
boxyﬂuorescein dye (Applied Biosystems, Fremont, Calif.). Reactions were car­
ried out in triplicate with the following reagents in 50-�l reaction volumes: 
template DNA, 10 ng; 1� AmpliTaq Gold buffer (Applied Biosystems); de­
oxynucleoside triphosphates, 3 � 10�5 mmol; bovine serum albumin, 4 � 10�2 
�g; MgCl2, 1.75 � 10�4 mmol; primers 46f and 536r, 10�5 mmol each; AmpliTaq 
Gold DNA polymerase (Applied Biosystems), 1.5 U. Reaction temperatures and 
cycling for samples were as follows: 95°C for 2 min; 35 cycles of 94°C for 1 min, 
46.5°C for 1 min, and 72°C for 2 min; followed by 72°C for 10 min. Products were 
visualized by agarose gel electrophoresis, and any inconsistent or unsuccessful 
reactions were discarded. Primers were removed, and amplicons were concen­
trated with the MoBio PCR Clean-Up kit according to the normal protocol. The 
triplicate reaction mixtures were combined and then quantiﬁed by UV spectro­
photometry. 
Amplicon digestion. Restriction enzyme reaction mixtures contained 75 ng of 
labeled DNA and 1.5 U of restriction endonuclease DpnII, HaeIII, or HhaI (New 
England Biolabs, Beverly, Mass.) in the manufacturer’s recommended reaction 
buffers. Reactions were incubated for 2 h at 37°C followed by a 20-min 65°C 
denaturing step. Digested DNA was puriﬁed by ethanol precipitation. 
TRF size determination. Precipitated DNA was dissolved in 9 �l of Hi-DI 
formamide (Applied Biosystems) with 0.5 �l of Genescan Rox 500 (Applied 
Biosystems) and Rox 550-700 (BioVentures, Murfreesboro, Tenn.) size stan­
dards. The DNA was denatured at 95°C for 4 min and rapidly cooled for 10 min 
in an ice slurry. Samples were run on an ABI Prism 310 genetic analyzer at 15 kV 
and 60°C. TRF sizing was performed using Genescan 3.1.2 software with the 
local Southern method and heavy smoothing (Applied Biosystems). 
TRF data analysis. Sample data consisted of the peak area for each TRF peak 
in a TRF pattern. TRF data were normalized before analysis as discussed by 
Kaplan et al. (18). TRF patterns from all samples were analyzed using principal 
components analysis (PCA) and agglomerative hierarchical cluster analysis 
(AHCA). All analyses were performed on normalized data sets consisting of 
sample name, TRF length, and TRF peak area using S-Plus 6 (Insightful, Seattle, 
Wash.). TRF data from DpnII-, HaeIII-, and HhaI-digested samples were com­
bined into a composite data set for analysis with PCA and AHCA. Covariance 
and correlation PCA were used in this analysis, but only covariance data are 
presented, since both methods produced similar results. Clusters described in 
this analysis were determined using AHCA with complete linkage. A Loess 
(nonparametric local regression) line was generated using Minitab 13 (Minitab, 
Inc., State College, Pa.) to approximate the trends present in diversity indices. 
Cloning and phylogenetics. Two soil samples (days 14 and 56) were used for 
constructing a bacterial 16S rRNA gene clone library. Bacterial communities 
were ampliﬁed as stated above, except an unlabeled forward primer was used. 
PCR products from these samples were puriﬁed using the MoBio PCR Clean-Up 
kit. Cleaned PCR product was then ligated into the pCR 2.1 vector provided in 
the original TA cloning kit as directed by the manufacturer (Invitrogen, Carls­
bad, Calif.). Ligated vector was then used to transform Epicurian Coli XL10­
Gold ultracompetent cells (Stratagene, La Jolla, Calif.) according to the manu­
facturer’s protocol. Cells were plated onto medium containing ampicillin– 
isopropyl-�-D-thiogalactopyranoside and grown overnight. White colonies were 
picked and grown overnight in Terriﬁc broth (MoBio) containing ampicillin. 
Cells were pelleted, and plasmids were extracted using Quantum Prep HT/96 
plasmid miniprep kits as directed by the manufacturer (Bio-Rad, Hercules, 
Calif.). Sequencing reaction mixtures (10 �l) contained the following: DNA, 4 �l; 
primer, 1.6 � 10�5 mmol; ABI Big Dye (Applied Biosystems), 4 �l; PCR water, 
0.4 �l. Samples were run on an ABI 377 DNA sequencer, and the resulting 
sequences were analyzed using SeqManII (DNAStar, Madison, Wis.). Clone 
sequences were also analyzed with Chimera Check on the Ribosomal Database 
Project website (25). Nonchimeric sequences were tentatively identiﬁed using a 
BLAST search on the National Center for Biotechnology Information web page. 
The BLAST search matches with the highest BLAST scores were used in cre­
ating phylogenetic trees. Reference organisms and clones were aligned using 
ClustalX (33), and phylogenetic trees were constructed from the aligned se­
quences using Seqboot, DNADIST, DNAPARS, DNAML, and Consense in the 
Phylip version 3.6a2.1 package (13). Agreement between trees created with 
different methods served as a basis for evaluating accurate recreation of phylo­
genetic structure. Phylogenetic trees used in this paper were the result of re-
sampling 100 jackknifed data sets with the DNAML maximum likelihood algo­
rithm. Trees were visualized using Treeview version 1.6.5. 
Database matching of TRF peaks. A database was created containing pre­
dicted TRFs for clones in this study and �30,000 16S rRNA gene sequences from 
the Ribosomal Database Project (25) and GenBank; all sequences were trimmed 
to the correct size using in silico PCR with primers 46f and 536r and digested in 
silico with every commercially available restriction enzyme. Observed TRF peaks 
were compared to predicted TRF peaks of clones and public database sequences. 
Differences are commonly reported between observed TRF lengths and those 
predicted from sequence analysis (11, 18, 20, 22). This was compensated for by 
correcting for dye-based differences in the migration of ROX-labeled standard 
peaks and 6-carboxyﬂuorescein-labeled sample peaks (20). In addition, observed 
TRFs (from the sample) were allowed to be within �2 bp (�4 standard devia­
tions) of the predicted TRFs (from the database). 
Nucleotide sequence accession numbers. The 16S rRNA clone sequences were 
submitted to the GenBank database and given accession numbers AY144191 
through AY144298, AY149469 through AY149471, and AY154389 through 
AY154392. 
RESULTS 
TPH rate determination. The petroleum contaminant in this 
study was in the C10 to C32 range and was well weathered after 
up to 30 years in the soil. No benzene, toluene, ethylbenzene, 
xylene, or polycyclic aromatic hydrocarbon compounds were 
detected at any time during the study, and no volatile organic 
compounds were detected during air monitoring, so it is sus­
pected that a limited amount of TPH was lost to evaporation 
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FIG. 1. Average relative TPH concentration (A) and average AHB 
counts (B) in the LTU. 
(unpublished data). Attempts to ﬁt a single ﬁrst-order decay 
curve to the entire data set did not adequately explain (r2 � 
0.5) the changes in TPH concentration observed during the 
study. Consequently, a two-phase TPH degradation scheme 
was investigated. To determine the breakpoint in the degrada­
tion rates, regression analysis was performed on a data set 
broken into two groups (early and late). Sample membership 
within the early and late groups was varied so that all possible 
breakpoints were considered. The breakpoint that best ﬁt the 
data in both cells put days 0 to 21 in the early group (r2 � 0.9) 
and days 28 to 168 in the late group (r2 � 0.5), indicating that 
a change in degradation rate may have occurred between sam­
pling days 21 and 28 (Fig. 1A). Regression analysis indicated 
that the change in degradation rate was not associated with 
changes in ambient temperature or soil moisture (Fig. 2). By 
the end of the 168-day LTU project, 61% of the petroleum 
contamination was degraded, with 37% degraded during the 
ﬁrst 3 weeks. The ﬁrst-order degradation rate constant during 
the ﬁrst 3 weeks of the project was �0.021 day�1, an order of 
magnitude higher than the last 21 weeks, for which the degra­
dation rate constant was �0.0026 day�1. These rate constants 
compared favorably with those reported for land farming of 
oily sludge from a petroleum reﬁnery, although the degrada­
tion rates were slightly higher (�0.036 day�1) during the early 
FIG. 2. Average ambient temperature (A) and soil moisture con­
tent (B) at LTU site. 
phase and decreased less dramatically (�0.013 day�1) during 
the late phase (2). 
Bacterial counts. Aerobic heterotrophic bacterial (AHB) 
counts were estimated by plating quadruplicate samples onto 
R2A medium. A large increase in bacterial biomass was ob­
served in the ﬁrst 3 weeks of the study, from an average of 1.7 
� 107 to 1.3 � 108 CFU/g. After day 21, AHB counts de­
creased dramatically and then began to climb again, eventually 
reaching 1.0 � 108 CFU/g at the end of the study (Fig. 1B). 
Bacterial diversity. 16S rRNA gene TRF patterns were cre­
ated by digesting samples with one of three tetrameric restric­
tion endonucleases, DpnII, HaeIII, or HhaI. TRF patterns 
from DpnII and HaeIII digestions had similar numbers of 
TRFs on average (66.1 and 64.3, respectively), while HhaI had 
fewer (51.7). The difference in peaks produced by DpnII or 
HaeIII and HhaI was expected, since in silico digestion of 16S 
sequences indicates that DpnII produces the greatest diversity 
of peaks, followed by HaeIII and then by HhaI. The Shannon-
Weaver diversity index (H�) and Simpson dominance index 
(SI�) were calculated for TRF patterns generated with each 
restriction enzyme. The Simpson dominance index is a useful 
index to contrast with Shannon-Weaver in that it weights the 
index towards the most abundant species present. Results for 
DpnII and HaeIII showed similar trends in H� and SI�, while 
HhaI results differed slightly due to the lower diversity of peaks 
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FIG. 3. Shannon-Weaver (H�) diversity index (circles) and Simpson dominance index (SI�) (triangles) based on DpnII-digested samples with 
Loess ﬁtted curves. 
produced with this enzyme. H� and SI� results are shown for 
DpnII because it produced patterns with the largest number of 
TRFs and produced results similar to those with HaeIII (Fig. 
3). TRF diversity (H�) increased after day 21 and remained 
high until the end of the study. In contrast, SI� showed a 
decrease in dominance after day 21 and remained low for the 
remainder of the study. This suggests that during the ﬁrst 3 
weeks of the study a few TRFs dominated the TRF patterns 
and thereafter slowly decreased in abundance. Less abundant 
and newly detected TRFs then increased in abundance, result­
ing in more-evenly distributed TRF patterns with more TRFs 
present. 
Bacterial community dynamics. Temporal changes in the 
bacterial community were followed using PCA and AHCA of 
TRF patterns. There was a clear difference in TRF patterns 
from samples before and after the seventh week of operations, 
based on a visual inspection of the raw data. PCA and AHCA 
showed two major groups: one group consisted of samples 
from early in the study (days 0 to 42), while the second group 
consisted of samples from later in the study (days 49 to 168). 
The separation between early and late clusters occurred along 
the ﬁrst principle component (PC1), which explained 50.1% of 
the variation in the data (Fig. 4). Analysis of variance of the 
PC1 scores showed a signiﬁcant difference between these two 
sample groups (P � 0.05). Coincidently, a change in soil mois­
ture occurred around the seventh week of operation (Fig. 2). 
AHCA further separated the two large groups into ﬁve 
smaller clusters that included three temporal shifts (Fig. 4). 
Cluster 1, day 0, represented a community baseline for this 
study due to the temporal relationship of the samples. The 
second cluster, days 7 to 21, represented samples taken during 
the fast TPH degradation phase. The ﬁrst temporal shift oc­
curred from day 0 through day 21, which coincided with fast 
TPH degradation and increasing bacterial counts, indicating a 
bloom of TPH-degrading bacteria (Fig. 1). Clusters 3 and 4 
represented communities in transition after the fast degrada­
tion phase. The second temporal shift correlated with de­
creased bacterial counts, beginning on day 28 as TPH degra­
dation rates changed and ending on day 49 as bacterial counts 
began to increase again. The third shift occurred after day 56 
and continued through the ﬁnal samples (days 63 to 168), 
which formed the ﬁfth cluster. 
Phylogenetic analysis of bacterial clones from the LTU. 
Days 14 and 56 were chosen to produce a clone library con­
sisting of 115 clones later analyzed for phylogeny (Table 1). 
LTU clones consisted of four large groups and two smaller 
groups. Five groups were used to create phylogenetic trees: 
Cytophaga-Flavobacterium-Bacteroides (CFB), �-Proteobacte­
ria, �-Proteobacteria, �-Proteobacteria, and gram positives. CFB 
clones comprised the largest group in the study, although most 
came from day 14. The majority of the remaining clones were 
in the �-, �-, and �-Proteobacteria groups. The four gram-
positive clones came from day 56. No tree was made for the 
four ε-Proteobacteria clones, all from day 14, since they were 
not identiﬁed in TRF patterns. 
No large clusters of clones were present in the �-Proteobac­
teria, indicating a broad diversity in this group. Despite this 
diversity, the similar number of clones from both samples in­
dicated a constant presence and a potentially important role 
for this group (Table 1). The �-Proteobacteria clones had two 
major groups. Group 1 was associated with Azoarcus, while 
group 2 was associated with Alcaligenes and Bordetella. 
The �-Proteobacteria clones had a few signiﬁcant clusters. 
Two clones (LTUB00356 and LTU0B1856) showed a close 
relationship to Rhodanobacter lindaniclasticus, a recently de­
scribed lindane degrader (28). A large group of clones was 
associated with Thermomonas heamolytica, an organism re­
lated to Stenotrophomonas and Xanthomonas (7). The largest 
cluster of �-Proteobacteria clones was associated with methane-
oxidizing genera, Methylococcus and Methylobacter (clones 
LTUG017, LTUG034, LTUG036, LTUG071, and LTUG094). 
Clones LTUG00856 and LTUG08856 were closely associated 
with Pseudomonas, a genus known to degrade petroleum. An­
other cluster of clones, including LTUG005, LTUG024, 
LTUG01456, and LTUG07556, was loosely associated with 
Nitrosococcus, a genus known to oxidize ammonia. Due to the 
low bootstrap values within this section of the �-Proteobacteria 
tree, clones associated with Pseudomonas, Nitrosococcus, 
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FIG. 4. PCA of combined enzyme TRF data from LTU samples. Each sample is labeled with the number of the day on which the sample was 
collected. Clusters determined by AHCA are labeled with numbers, and transitions between clusters are labeled with letters and arrows. 
Methylobacter, and Methylococcus, which shared the same TRF 
peaks with all three enzymes, were referred to as Pseudomo­
nas, the highest branch in that section of the tree. 
A majority of the CFB clones were associated with Flavobac­
terium (92.3%), a genus known to degrade petroleum (5). Of 
these clones, 83% shared the same TRF peaks with all three 
enzymes. Other clones in the CFB cluster were associated 
with Bacteroides (LTUCFB047 and LTUCFB090), Plankto­
myces (LTUP05356 and LTUP07056), and Neochlamy­
dia (LTUNC02956, LTUNC08556, LTUNC09456, and 
TABLE 1. Phylogenetic group representation in two clone libraries 
Phylogenetic group 
No. of clones (%) 
Day 14 Day 56 
�-Proteobacteria 11 (17.5) 8 (15.4) 
�-Proteobacteria 9 (14.3) 15 (28.8) 
Cytophaga-Flavobacterium-Bacteroides 26 (41.3) 3 (5.8) 
ε-Proteobacteria 4 (6.3) 0 (0) 
�-Proteobacteria 13 (20.6) 18 (34.6) 
Gram positive 0 (0) 8 (15.4) 
Total 63 (100) 52 (100) 
LTUNC09656). Neochlamydia organisms have been re­
ported as endoparasites of amoebae and may indicate the 
presence of microeukaryotes in the LTU soil (16). 
Clones within the gram-positive group were associated with 
Microbacterium (LTUGr00156 and LTUGr002356) and Myco­
bacterium (LTUGr07856). 
Dynamics of dominant phylotypes during land treatment. 
To better understand the temporal shifts shown by PCA (Fig. 
4), bacterial phylotypes were identiﬁed by associating TRFs 
observed in TRF patterns with predicted TRFs from the day 14 
and day 56 clone libraries and public databases. TRF peaks 
were ﬁrst grouped into TRF sets (Table 2). Each TRF set 
consisted of three TRF peaks, one from each enzyme digest, 
which had similar temporal proﬁles (Fig. 5) and PCA loadings 
(Table 2). TRF sets that did not have similar temporal proﬁles 
and PCA loadings were not carried forward. Eleven TRF sets 
were matched to phylotypes, and their abundance was tracked 
in the context of the whole community by averaging the three 
TRF peak areas for each TRF set. These 11 phylotypes rep­
resented the dominant features in TRF patterns, accounting 
for an average of 40% of the total area in TRF patterns. 
Three phylotypes had a large abundance during the fast 
TABLE 2. TRF and clone data used to identify TRF sets and assign a phylotype 
TRF set Phylotype Enzyme 
TRF (bp) 
Predicteda Observed 
PCA loadingse 
PC1 PC2 
Matching clones 
1 Flavobacterium DpnII 253 252 0.28 �0.25 LTUCFB (00314, 01914, 02514, 02914, 
HaeIII 479 473 0.38 �0.30 03914, 04314, 04614, 05714, 05914, 
HhaI 52 49 0.21 �0.19 06314, 06914, 07414, 08014, 08314, 
08614, 08814, 100144, 10148, 11314, 
11414, 02256, 04256, 08156) 
2 Pseudomonas DpnII 229 228 0.18 0.14 LTUG (00514, 01714, 02414, 03414, 03614, 
HaeIII 162 160 0.07 0.16 07114, 09414, 00856, 01456, 07556, 
HhaI 169 167 0.13 0.12 08856) 
3 Azoarcus 2 DpnII 241 239 0.05 0.04 LTUB (01614, 03514, 09114) 
HaeIII 174 173 0.01 0.03 
HhaI 181 179 0.04 0.02 
4 Alcaligenes DpnII 160 159 �0.04 0.06 LTUB (00656, 03456, 03656, 04056, 04556, 
HaeIII 113 111 �0.03 0.03 05156, 05556, 06056, 07756, 08956, 
HhaI  29  NDf ND ND 09156) 
5 Microbacterium DpnII 76 73 �0.02 0.03 LTUGr07856 
HaeIII 29 ND ND ND LTUGr07856 
HhaI 331 330 �0.03 0.04 
6 Bacteroides DpnII 455 451 0.00 0.14 
DpnII 455 453 0.01 �0.02 LTUCFB04714, LTUCFB09014 
HaeIII 226 225 0.01 0.11 
HhaI 63 60 0.03 0.05 
7 �-Proteobacteria DpnII 203 201 �0.05 0.03 
HaeIII 155 154 �0.04 0.00 LTUA01556 
HhaI 434 430 �0.07 0.02 
8 Azoarcus 1 DpnII 
HaeIII 
233 
166 
232 
167b 
�0.08 
�0.10 
0.04 
�0.04 LTUB (00214, 09814, 11114, 04856, 05656) 
HhaI 173 172 �0.04 0.00 
9 Rhodanobacter DpnII 
HaeIII 
83 
168 
80 
167b 
�0.08 
�0.10 
�0.05 
�0.04 LTUG00356, LTUG01856 
HhaI 175 173c �0.20 �0.21 
10 Unknown DpnII 
HaeIII 
239d 
223d 
237 
224 
�0.15 
�0.13 
�0.22 
�0.20 No clone match 
HhaI 194d 193 �0.12 �0.18 
11 Thermomonas DpnII 235 233 �0.23 �0.08 
HaeIII 221 220 �0.17 �0.11 LTUG (00414, 02014, 07814, 09614, 04156, 
HhaI 175 173c �0.20 �0.21 07956, 08356) 
a Predicted from clone sequence.
 
b HaeIII 167 represents Rhodanobacter and Azoarcus 1.
 
c HhaI 173 represents Thermomonas and Rhodanobacter.
 
d Predicted from database sequences.
 
e Standard deviation � 0.04.
 
f ND, not detected (predicted TRF outside detection range of 36 to 600 bp).
 
degradation phase of the LTU project (Fig. 5A to C). TRF set 
1, associated with Flavobacterium clones (Fig. 5A; Table 2), 
had large positive loadings along PC1, indicating these TRFs 
had a large inﬂuence on the separation of early and late sam­
ples. TRF set 1 also had large negative loadings along PC2, 
indicating the importance of these peaks in the separation of 
cluster 2 (days 7 to 21) from cluster 1 (day 0) and cluster 3 
(days 28 to 42) in the early samples. Flavobacterium TRF peak 
area increased dramatically during the ﬁrst 21 days, peaking at 
a high of 19.7%. Flavobacterium peak area slowly declined 
after day 14, reaching a low 3.7% on day 49 and 5.3% by the 
end of the study. The abundance of Flavobacterium in the LTU 
as depicted by TRF area was also reﬂected in the number of 
Flavobacterium clones sequenced (Table 2). Interestingly, Fla­
vobacterium was detected at very low levels in a pretreatment 
sample (0.1%), in contrast to its large abundance throughout 
the rest of the project. TRF set 2, associated with Pseudomonas 
clones (Fig. 5B; Table 2), had large positive loadings along 
both PC1 and PC2, indicating inﬂuence on separating day 0 
from days 7 to 42 in the early samples. Pseudomonas TRF peak 
area showed a rapid decrease from an average of 10.0% on day 
0 to 3.9% on day 49. The decreasing trend ended after day 49, 
with Pseudomonas returning to pretreatment levels, approxi­
mately 2% of total peak area. TRF set 3, associated with 
Azoarcus 2 clones, had a similar trend, decreasing from 3.2% at 
day 0 to 0.7% by day 21 (Fig. 5C). Trends in TRF peak area for 
Flavobacterium, Pseudomonas, and Azoarcus 2 were similar to 
the trend in TPH concentration during the study. Regression 
analysis showed that the area of TRFs assigned to Flavobacte­
rium from day 7 to day 168 had a positive correlation with 
relative TPH concentration (P � 0.05). The Pseudomonas and 
Azoarcus 2 TRF peak areas also had positive correlations with 
TPH concentration throughout the study (P � 0.01). 
Four TRF peak sets had a large abundance during the slow 
degradation phase of the LTU project (Fig. 5H to K). TRF set 
11 was associated with Thermomonas clones (Fig. 5K; Table 2) 
and had the largest negative loadings along PC1 and large 
negative loadings along PC2. TRF sets 9 and 10, associated 
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FIG. 5. Average standardized area of LTU TRF sets. Error bars indicate variation of standard error between the areas produced by enzymes DpnII, HaeIII, and HhaI. (A) Flavobacterium; 
(B) Pseudomonas; (C) Azoarcus 2; (D) Alcaligenes; (E) Microbacterium; (F) Bacteroides; (G) �-Proteobacteria; (H) Azoarcus 1; (I) Rhodanobacter; (J) the unknown; (K) Thermomonas. Average 
standardized area for each TRF peak was calculated by subtracting the mean TRF area from the TRF area at each time point and dividing by the standard deviation of the TRF peak area. 
with Rhodanobacter clones and the unknown phylotype, also 
had large negative loadings along PC1 and PC2 (Fig. 5I and J; 
Table 2). The large negative loadings along both PCs indicated 
their importance in separating cluster 5 (days 63 to 168) from 
the rest of the samples. TRF set 8, associated with Azoarcus 1 
clones, had negative loadings along PC1, indicating its impor­
tance to the separation of slow-degradation-phase samples 
from fast-degradation-phase samples (Fig. 5H; Table 2). Ther­
momonas and Rhodanobacter TRF peak area had an increas­
ing trend, beginning with lows of 1.4 and 0.7%, respectively, on 
day 0, to highs of 9.6 and 5.7% on day 91. TRF set 10, labeled 
unknown since it lacked matching clones, remained undetected 
until day 63 (1.0%) and then dramatically increased to a high 
of 6.1% by the end of the study. Two sequences from public 
databases produced matching TRFs, but both were from un­
cultured organisms and the accompanying reports were not 
published. Azoarcus 1 TRF peak area gradually increased from 
a low of 1.8% at day 0 to a high of 5.7% on day 49, after which 
its abundance remained relatively constant. Regression analy­
sis showed that TRF peak area associated with Thermomonas, 
the unknown, and Rhodanobacter had negative correlations 
with TPH (P � 0.05). 
TRF sets 4 through 7 all had relatively small PCA loadings, 
indicating a minimal inﬂuence of these TRF sets on the cre­
ation of sample clusters (Table 2). However, abundance pro­
ﬁles and association with clones indicated that these TRF sets 
represented dominant members of the community (Fig. 5D to 
G; Table 2). TRF sets 4, 5, and 6, associated with Alcaligenes, 
Microbacterium, and Bacteroides clones, respectively, peaked in 
abundance on days 49 and 56 during the transition from fast to 
slow degradation phases (Fig. 5D to F). Assigning a phylotype 
was most difﬁcult with TRF set 7. Four clones had TRFs in 
common with two of the enzymes in TRF set 7 (021, 02856, 
03356, and 05256), while only one clone (01556) had all three 
TRFs in the set. In addition, the ﬁve clones did not cluster on 
the �-Proteobacteria phylogenetic tree. This made tracking 
TRF set 7 difﬁcult, because inconsistent overlap within the 
phylotype disrupted the normalized abundance proﬁles of 
some enzyme digests (Fig. 5H). In spite of these difﬁculties, 
TRF set 7 served as a proxy for tracking �-Proteobacteria dur­
ing the study. TRF set 7 was most abundant in the pretreat­
ment sample (12%) but decreased dramatically to 3.4% on day 
0. As the study progressed, there was a slow increase in �-Pro­
teobacteria TRF peak area, reaching 7.4% at the end of the 
project. The consistent presence of these organisms in the 
LTU attests to their pervasive nature in the soil community. 
DISCUSSION 
Bacterial community dynamics in relation to petroleum con­
centration. The key elements in the land treatment process are 
the bacteria in the soil whose cellular machinery is responsible 
for bioconversion of contaminants. The contamination at the 
Guadalupe site existed undetected for an estimated 10 to 30 
years, which gave ample time for bacterial communities to 
adapt (1, 24) and take advantage of the readily available car­
bon sources in petroleum. Conditions created in the LTU 
provided an environment conducive to the rapid degradation 
of available TPH. A two-phase pattern of petroleum degrada­
tion was observed during the project and was typical of that in 
contaminated soils undergoing land treatment (2, 4). Although 
the amount of TPH at this site was low when compared to 
other studies, Admon et al. showed that the level of contami­
nation does not affect this two-phase pattern (2). Current data 
support the theory that the fast phase of petroleum degrada­
tion is limited by the microbial degradation rate of free TPH, 
while the slow phase is limited by the much slower desorption 
rate of soil-sequestered TPH. 
Dominant members of the bacterial community were 
tracked during the project using TRF analysis and a clone 
library to generate 11 bacterial phylotypes (Fig. 5; Table 2). 
TRF patterns separated into ﬁve PCA clusters that reﬂected 
the TPH degradation phases and trends in AHB counts, SI� 
and H� (Fig. 1, 3, and 4). Clusters 1 and 2 were associated with 
the fast degradation phase, increasing AHB counts, and high 
SI� and low H� values during the ﬁrst 21 days of the project, 
indicating a bloom of fast-growing petroleum degraders in the 
bacterial community. The Flavobacterium, Pseudomonas, and 
Azoarcus 2 phylotypes were most abundant during this fast 
degradation phase. Because TPH was by far the most abundant 
C source available in this soil, it was expected that the domi­
nant phylotypes should have some relationship to TPH degra­
dation. This was reﬂected in the positive correlation of the 
abundance of these phylotypes with TPH concentration as well 
as literature reports on the physiology of these genera (see 
below). 
PCA clusters 3 and 4 reﬂected a transition out of the fast 
degradation phase that began with an abrupt decrease in AHB 
counts and SI� and an abrupt increase in H� and ended with a 
decrease in ambient temperature and transient drop in soil 
moisture (Fig. 1 to 3). The drop in soil moisture between days 
35 and 49 was in response to a hot period of offshore winds that 
left a dry crust of soil on the surface. This crust was mixed into 
the soil by tilling before sampling. Alcaligenes, Microbacterium, 
and Bacteroides phylotypes were most abundant during this 
phase, although their overall abundance was low throughout 
the study. A large increase in abundance of these phylotypes 
was associated with the drop in soil moisture around day 49 
(Fig. 2B and 5D to F). 
Cluster 5 was associated with the stable slow degradation 
phase, where SI� was low and H� was high and AHB counts 
increased slowly, indicating the establishment of a stable, 
slowly growing community fed by the slow desorption of pe­
troleum from the soil or other nutrients present in the soil. 
Azoarcus 1, Thermomonas, the unknown, and Rhodanobacter 
phylotypes were most abundant during this phase. 
Signiﬁcance of bacterial phylotypes in LTU. The Flavobac­
terium phylotype was of particular interest in this study, due to 
a high abundance during the ﬁrst 3 weeks and its positive 
correlation with TPH levels (Fig. 1A and 5A). A rapid increase 
in bacterial counts was observed during the ﬁrst 21 days, the 
same period that Flavobacterium increased in relative abun­
dance, suggesting that these bacteria contributed to the in­
crease in AHB counts during this period. The rapid increase in 
Flavobacterium was most likely due to favorable conditions 
established by the addition of nutrients and aeration of the 
LTU soil. Flavobacterium was less abundant in the pretreat­
ment stockpile, where nutrients were low and oxygen was lim­
ited (data not shown). The presence of Flavobacterium in the 
community is unsurprising, since this genus has a body of work 
supporting its importance in the bioremediation of hydrocar­
bon-contaminated soils. As one of the ﬁrst reported bacterial 
isolates capable of degrading petroleum products, Flavobacte­
rium is well known as a petroleum degrader. Atlas and Bartha 
isolated a Flavobacterium sp. capable of degrading 57% of a 
light crude oil supplement in 12 days of an aerobic microcosm 
experiment (5). Recent studies have found Flavobacterium spp. 
capable of degrading ﬂuorobenzene (8), chlorinated hydrocar­
bons (10, 26), phenol (35), polychlorinated biphenyls (31), 
nylon (21), and parathion (27). MacNaughton et al. showed an 
increase in Flavobacterium abundance during an artiﬁcial oil 
spill, attesting to its ability to respond to hydrocarbons in the 
environment (24). These results suggest that the aerobic con­
ditions provided by extensive tilling of the LTU soil contrib­
uted to the stimulation of this phylotype, thus initiating an 
increase in bacterial counts and a decrease in TPH levels. 
The Pseudomonas phylotype, including the closely related 
genera Pseudomonas, Nitrosococcus, Methylococcus, and 
Methylobacter, was abundant during the fast degradation phase 
and correlated with TPH concentration. The breadth of genera 
present in this phylotype makes identiﬁcation of speciﬁc bac­
teria difﬁcult. Two clones associated with this TRF set matched 
well with the ﬂuorescent pseudomonad cluster (Table 2). The 
presence of Pseudomonas in the LTU was unsurprising, since 
this genus is well described as a petroleum degrader, similar to 
Flavobacterium. Bacteria in the genera Pseudomonas have the 
ability to utilize a diverse range of substrates, including those 
found in petroleum (12, 15). A large amount of work has been 
performed on the alkane oxidation genes in Pseudomonas, 
which allow bacteria with these genes to grow on alkanes as a 
sole carbon source (9). The presence of Nitrosococcus may 
have been in response to ammonia addition at the beginning of 
the study. While it is difﬁcult to explain the presence of Methy­
lococcus and Methylobacter, it is possible that methane gener­
ated in the untilled lower levels of the LTU was being de­
graded in the aerobic upper layers by these organisms. 
The Azoarcus 2 phylotype showed a trend similar to that of 
Flavobacterium and Pseudomonas. Reports show that Azoarcus 
spp. can degrade benzene, toluene, ethylbenzene, and xylene 
compounds (14, 30), suggesting they may play a role in TPH 
degradation. The role of Azoarcus 2 in the LTU is interesting, 
since this phylotype decreased in abundance while the Azoar­
cus 1 phylotype increased. It appears that these two phylotypes 
of Azoarcus had different physiological requirements. 
The phylotypes associated with Alcaligenes, Microbacterium, 
and Bacteroides remained relatively low and stable throughout 
the bioremediation process except for a temporary increase on 
days 49 and 56. Species in these genera have been reported as 
petroleum hydrocarbon degraders (6, 15, 23, 36) and, thus, the 
phylotypes were candidates for a signiﬁcant role in TPH deg­
radation in the LTU; yet, the low abundance of these phylo­
types may suggest a negligible role in TPH degradation. While 
the low relative abundance of these phylotypes may be the 
result of PCR bias, the important factor in distinguishing phy­
lotypes responsible for the fast TPH degradation rate at the 
beginning of the study was a positive correlation with TPH 
concentration, as observed for the Flavobacterium, Pseudomo­
nas, and Azoarcus 2 phylotypes. The stable numbers of Alcali­
genes, Microbacterium, and Bacteroides organisms and lack of 
response to petroleum concentration indicate that they did not 
contribute signiﬁcantly to the fast TPH degradation rate seen 
in the ﬁrst 3 weeks of LTU operation but may have contributed 
to degradation at some level. 
Three of the slow-degradation-phase phylotypes were asso­
ciated with either new genera (Rhodanobacter and Thermomo­
nas) that had little or no information about their physiology in 
relation to petroleum degradation or a phylotype (unknown) 
associated with unidentiﬁed bacterial sequences from Gen-
Bank. Both Rhodanobacter and Thermomonas live under aer­
obic conditions and are related to Pseudomonas, Xanthomo­
nas, and Stenotrophomonas, all known hydrocarbon degraders. 
The unknown phylotype was interesting due to its strong as­
sociation with the slow phase of TPH degradation. Further 
cloning from a sample where the unknown is more abundant 
may provide a sequence which would allow for a phylogenetic 
analysis of clones associated with this phylotype and a potential 
function for this phylotype in the LTU. 
During data analysis it was observed that there was an ap­
parently high abundance of gram-negative bacteria in this 
study and that this could be the result of extraction bias. How­
ever, the extraction method used in this study was also used to 
investigate the diversity of bacteria in rat fecal samples and 
revealed a bacterial community dominated by gram-positive 
bacteria (18), suggesting that gram-negative bacteria did in fact 
dominate the LTU soils. 
The signiﬁcance of this work is the description of the suc­
cession dynamics of dominant bacterial phylotypes correlated 
with the degradation of weathered petroleum hydrocarbons in 
the C10 to C32 range during land treatment. Based on our 
analysis of the bacterial community, it appears that a major 
portion of petroleum degradation is carried out by a few spe­
cies represented by Flavobacterium, Pseudomonas, and Azoar­
cus 2 phylotypes. Once the readily available free petroleum in 
the soil had been depleted, these bacteria decreased in relative 
abundance and remained at a level where their numbers could 
be sustained, and petroleum continued to be degraded as it was 
slowly released from the soil particles. As the dominant petro­
leum degraders waned, other phylotypes present at lower lev­
els, perhaps also petroleum degraders, increased in relative 
abundance. The trend from a lower-diversity, high-dominance 
community to a higher-diversity low-dominance community 
mirrors succession in other systems where disturbance alters 
the environment and the organisms adapt over time to the 
changed conditions. Land treatment during the study involved 
extensive soil tilling, drying and wetting events, and nutrient 
addition that likely contributed to the formation of an initial 
community structure dominated by fast-growing Flavobacte­
rium and Pseudomonas phylotypes. Shannon-Weaver and 
Simpson dominance indices corroborated this interpretation of 
events, showing high dominance and low diversity during the 
fast degradation phase (Fig. 3). It appears Flavobacterium in 
particular was enriched by these activities, as demonstrated by 
its increased relative abundance during the ﬁrst 3 weeks of 
LTU operation. 
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